Spine morphology is regulated by intracellular signals, like PKC, that affect cytoskeletal and membrane dynamics. We investigated the role of MARCKS (myristoylated, alanine-rich C-kinase substrate) in dendrites of 3-week-old hippocampal cultures. MARCKS associates with membranes via the combined action of myristoylation and a polybasic effector domain, which binds phospholipids and/or F-actin, unless phosphorylated by PKC. Knockdown of endogenous MARCKS using RNAi reduced spine density and size. PKC activation induced similar effects, which were prevented by expression of a nonphosphorylatable mutant. Moreover, expression of pseudophosphorylated MARCKS was, by itself, sufficient to induce spine loss and shrinkage, accompanied by reduced F-actin content. Nonphosphorylatable MARCKS caused spine elongation and increased the mobility of spine actin clusters. Surprisingly, it also decreased spine density via a novel mechanism of spine fusion, an effect that required the myristoylation sequence. Thus, MARCKS is a key factor in the maintenance of dendritic spines and contributes to PKC-dependent morphological plasticity.
MARCKS is highly expressed in many tissues, particularly brain (Stumpo et al., 1989) . Within neurons it is found in a heterogeneous pattern throughout the cell, including both presynaptic and postsynaptic locations (Ouimet et al., 1990) . Immunoelectron microscopy shows that MARCKS is present in dendritic spines, but to varying degrees (Ouimet et al., 1990) , suggesting that regulatory mechanisms may determine its local concentration. Studies using cultured neurons, synaptosomes, or hippocampal slices demonstrated that MARCKS becomes phosphorylated in response to phorbol ester, depolarization, or glutamate agonists (Wang et al., 1989; Robinson, 1991; Scholz and Palfrey, 1991) . This phosphorylation results in translocation of MARCKS from the particulate fraction to the cytosol, similar to its behavior in non-neuronal cells when PKC is activated (Rosen et al., 1990; Ohmori et al., 2000) . Although MARCKS is known to alter cell shape and motility in non-neuronal cells, few studies have characterized the effects of MARCKS on neuronal cell morphology.
Homozygous mice with targeted deletions of the Marcks gene die perinatally and exhibit gross abnormalities in morphogenesis of the brain and other organs (Stumpo et al., 1995) . Thus, knockout studies demonstrate an essential role for MARCKS in normal CNS development, but preclude investigations into the function of MARCKS at later stages of maturation. Heterozygous knockout adults show changes in hippocampal anatomy and physiology (McNamara et al., 1998) . Here, we used 3-week-old cultures of embryonic rat hippocampus to define the function of MARCKS in relatively mature neurons. Our results demonstrate that endogenous MARCKS regulates the stability of dendritic spines and provide strong evidence that PKCdependent dendritic spine plasticity is mediated, at least in part, by MARCKS. Moreover, the two mem- brane interaction domains contribute distinct effects on spine number and morphology.
Results

Endogenous MARCKS Is Essential for the Stability of Dendritic Spines
We used a RNA interference (RNAi) approach to address the role of endogenous MARCKS in the maintenance of dendritic morphology. We first examined the pattern of MARCKS expression in 3-week-old cultures of rat hippocampus. MARCKS immunoreactivity was widely distributed, mostly in a punctate pattern, throughout the cell body, axons, and dendrites of neurons (Figure 1A , and also in non-neuronal cells (see Figure S1 in the Supplemental Data available with this article online). This distribution is consistent with previous reports of MARCKS immunoreactivity in brain tissue sections (Blackshear et al., 1997), immunoelectron microscopy of rat brain tissue (Ouimet et al., 1990) Figure 1A) ; however, not all spines displayed an elevated level of MARCKS, in agreement with a previous report (Ouimet et al., 1990) .
Because it was sometimes difficult to distinguish the MARCKS immunoreactivity in dendrites from that in surrounding non-neuronal cells, we turned to a different cell type in order to estimate the efficiency by which RNAi reduced endogenous MARCKS expression. Prooligodendroblasts (oligodendrocyte progenitors) represent a minor cell population in our mixed cultures. They were identified by their positive immunoreactivity for the specific proteoglycan NG2 (Bhat et al., 1995; data not shown). Pro-oligodendroblasts express high levels of MARCKS immunoreactivity that is more homogeneously distributed than in neurons ( Figure S1 ). When such cells were transfected for 4 days with the RNAi construct, we observed 98 ± 0.2% reductions in MARCKS immunoreactivity in comparison with control transfected cells or untransfected cells ( Figure S1 ). This confirms the efficacy of RNAi-mediated MARCKS suppression in our cultures. Our qualitative observations indicate that a nearly complete suppression of MARCKS similarly occurs in transfected neurons ( Figure 1A) . Dendrites of RNAi-transfected neurons showed little or none of the strong punctate staining that characterizes dendrites in untransfected cells or cells transfected with any of the three control constructs (eGFP, empty vector, or nontargeting RNAi).
Analysis of spine morphology showed that neurons expressing MARCKS RNAi had greatly reduced spine density, spine lengths, and spine head widths ( Figure  1B) . A second MARCKS RNAi construct based on a different sequence yielded similar results (data not shown; for details see Experimental Procedures). These data strongly indicate that MARCKS is essential for maintaining the normal stability and shape of dendritic spines in mature neurons.
Effects of MARCKS on Spine Number and Morphology: Distinct Actions of Myristoylation versus Effector Domains
The localization and activity of MARCKS depend on the presence or absence of the myristoyl moiety at the N terminus and on the phosphorylation state of the effector domain (reviewed in Arbuzova et al., 2002). Therefore, to further dissect the role of MARCKS and its different domains in the regulation of dendritic spines, we transfected 3-week-old neurons with the following five MARCKS constructs, each tagged with enhanced GFP (eGFP) at the C terminus ( Figure 2A) ; the membrane association of these constructs was defined previously (Swierczynski and Blackshear, 1996; Spizz and Blackshear, 2001): (1) wt-MARCKS, containing full-length, wild-type sequence; (2) S4N-MARCKS, in which four serines in the ED that are known PKC targets were replaced by asparagine to create a molecule that is nonphosphorylatable yet still binds strongly to phospholipids; this construct displays increased membrane association; (3) S4D-MARCKS, in which these same four serines in the ED were replaced by aspartate to mimic constitutive phosphorylation by PKC; we sometimes refer to this construct as "pseudo-phosphorylated" MARCKS; it has reduced membrane association via the ED; (4) 2GA-MARCKS, in which glycine at position 2 is replaced by alanine to create a nonmyristoylatable form of MARCKS; and (5) Dbl-MARCKS, a double mutant that combines the nonmyristoylatable 2GA mutation and the pseudophosphorylated S4D mutation; this construct has little or no membrane binding activity.
Control cultures were transfected with eGFP alone, which had no discernable effect on neuronal morphology. Neurons were cotransfected with the soluble molecule cyan fluorescent protein (CFP) as a cell filler, to enable us to quantify detailed cellular morphology independently of MARCKS localization.
Several MARCKS constructs induced dramatic changes in dendritic arborization when overexpressed for several days in 1-to 2-week-old cultures, suggesting that MARCKS profoundly influences normal dendrite development (data not shown). For the purposes of this study, therefore, we restricted our analyses to cultures that had already attained a fairly mature dendritic morphology (20-21 DIV) and in which posttransfection times were short (%48 hr). Under these conditions, general dendritic arborization was qualitatively normal (see Figure S2) , and we therefore focused on the detailed structure of dendritic protrusions (spines and filopodia).
Overexpression of wt-MARCKS for 48 hr induced significant alterations in the appearance of fine dendritic protrusions (Figures 2B-2F; Figure S2 ). Expression of constitutively dephosphorylated S4N-MARCKS induced similar effects. In both cases spine density was reduced by half ( Figure 2C ), the remaining protrusions were dramatically elongated ( Figure 2D) , and the protrusion head widths were narrower ( Figure 2F ) compared to controls. A graph of length distributions ( Figure 2E) shows that protrusion lengths increased across the spectrum, with many exceeding 5 m. Protrusions in S4N-expressing neurons tended to reach even greater maximal lengths than did those in wtexpressing neurons ( Figure 2E) , perhaps reflecting the greater membrane association for this mutant (Swierczynski and Blackshear, 1996) . In agreement with previous studies in non-neuronal cells (Spizz and Blackshear, 2001), we observed, using confocal sectioning through the cell body, that compared to the uniform distribution of a soluble cell filler (eGFP), both wild-type and S4N-MARCKS were specifically enriched at the plasma membrane ( Figure S2 ). This predominant membrane localization may explain why these two constructs induced similar morphological effects. Interestingly, overexpression of the 2GA mutant, in which myristoylation was abolished but the ED was intact, did not exhibit a reduction in spine density, but, like wt-and S4N-MARCKS, induced greatly elongated and thinner protrusions ( Figures 2B-2F) .
In contrast, the pseudophosphorylated S4D mutant was less strongly associated with the membrane (Figure S2 ) and induced distinct morphological effects. Neurons expressing S4D-MARCKS also had significantly fewer spines, but those remaining showed overall shrinkage, with a 15% reduction in length and a 32% reduction in width (Figures 2C-2F) . Lastly, the Dbl mutant, which, as predicted, failed to target to membranes and instead behaved like a soluble cell filler ( Figure S2 ), induced no detectable changes in cell morphology (Figures 2C-2F) .
Together, these results indicate that MARCKS influences spine number and morphology in a manner dependent on phosphorylation within the ED. The three MARCKS constructs that can interact with the membrane though the ED (i.e., wt-, S4N-, and 2GA-MARCKS) all induced elongation and narrowing of spines. However, the myristoylation domain and the ED contribute distinct, dissociable effects on spines, since the nonmyristoylatable mutant induced spine elongation and narrowing, but not reduced spine numbers. Finally, the observation that the "opposite" mutants, nonphosphorylatable and pseudophosphorylated MARCKS, both reduce spine numbers hints that distinct mechanisms might be operative (see section below on spine fusion). Subsequent analyses focused on the role of phosphorylation of the ED in regulating MARCKS function by using the constitutively phosphorylated S4D-MARCKS and nonphosphorylatable S4N-MARCKS constructs.
Effect of MARCKS Mutants on Spine Actin
Because previous studies link MARCKS with changes in actin turnover, we next examined the effects of our mutants on F-actin content and distribution in dendritic spines. Phalloidin staining confirmed that in control neurons F-actin was specifically enriched in spine heads as compared to dendrite shafts ( Figure 3A ). S4D-transfected neurons showed significantly less total F-actin in the dendrite than did control neurons, while S4N cells showed no change ( Figure 3B) . A similar result was obtained when the analysis was restricted to the spine regions alone (i.e., excluding the dendrite shaft; Figure 3B ). These results indicate that pseudophosphorylated MARCKS reduces net F-actin content in neuronal dendrites and spines.
Phalloidin labels F-actin in glial cells as well as in neurons, resulting in highly complex images. Therefore, to facilitate a more detailed subcellular analysis of actin distribution, we cotransfected mRFP-actin along with various MARCKS mutants. In control neurons, mRFPactin localization closely paralleled that of phalloidin staining ( Figure S3 ), suggesting that the distribution of total actin is similar to that of F-actin. Both S4N-and S4D-expressing neurons showed qualitative differences in mRFP-actin localization compared to control ( Figure 3C ). To quantify these differences, we categorized protrusions as having either a cluster of actin just at the tip of the protrusion, as containing one or more actin clusters part-way along the length of the protrusion, or as having a weak (and nonclustered) signal for actin ( Figure 3D ).
In control dendrites, more than 80% of protrusions had a bright cluster of actin exclusively at the tip; relatively few protrusions exhibited the weak actin localization that is more typical of filopodial-like protrusions in immature dendrites (Zhang and Benson, 2002) ( Figure  3D ). In comparison, S4N-expressing cells had significantly fewer protrusions that displayed this "normal" actin distribution. Instead, the elongated protrusions of S4N-expressing neurons often either showed no obvious cluster of mRFP-actin or contained multiple actin clusters all along the process. In addition, S4N neurons showed a significant increase in the number of actin clusters along the dendrite shaft (Control = 0.7 ± 0.1; S4N = 1.5 ± 0.2 clusters/10 M; p < 0.01, Student's t test, two-tailed). S4D-expressing cells showed an opposite trend, with the vast majority of protrusions in such cells having a single, distinct cluster of mRFP- actin in the spine head. Together, these data suggest that MARCKS has significant effects on the location of actin that parallel changes in spine morphology.
We further studied the behavior of actin clusters by performing time-lapse imaging in mRFP-actin-transfected neurons. Compared to the relatively stationary clusters at the tips of control spines, actin clusters in S4N-induced protrusions were highly motile ( Figure 4A ; Movie S1). Clusters appeared to translocate along the protrusion independently of changes in the length of the protrusion itself. Such translocations were bidirectional, discontinuous, and quite rapid. In the example shown in Figure 4A trusions (>80%) were detectably associated with a cluster of synaptophysin, suggesting that most protrusions had a presynaptic partner, similar to control neurons bearing normal spines ( Figure 5A1 ). However, in S4N-expressing neurons there was a statistically significant increase in the small fraction of protrusions that lacked synaptophysin puncta ( Figure 5A1) . Thus, S4N-MARCKS might induce the appearance of immature spines or filopodia, which are seen frequently at earlier stages of development. Surprisingly, the overall density of synaptophysin clusters per unit length of dendrite was similar in control, S4N-, S4D-, and Dbl-transfected neurons ( Figure  5B1 ). Thus, we did not observe a decrease in the total number of presynaptic terminals to match the 50% reduction in the numbers of protrusions in S4N-and S4D-transfected neurons ( Figure 2C ). Indeed, in both cases, single dendritic protrusions often appeared to be engaged in multiple presynaptic contacts ( Figure 5B ), a configuration we rarely observed in control neurons bearing normal spines. This suggests that synapses are not lost, but instead become reorganized during the decreased protrusion density induced by either S4N or S4D MARCKS mutants. 
Elongated Protrusions Induced by S4N-MARCKS Differ from Filopodia
Many of the protrusions seen with the S4N mutant are quite long, yet they do not appear to represent dendrite branches, since they lack the dendritic marker MAP2 ( Figure 4B) . What, then, is the nature of these unusual S4N-induced protrusions and how do they arise? To address these questions, we conducted time-lapse imaging during early posttransfection (16-24 hr, the earliest time at which we could reliably detect the GFP signal from transfected cells). The results indicate that S4N-expressing dendrites display a remarkable degree of morphological plasticity during this early period and that elongated protrusions arise via multiple events (Movies S2 and S3). Protrusions typically elongated and occasionally branched from existing protrusions (Movies S2 and S3). Long protrusions sometimes appeared to come in contact with one another (Movie S3). More rarely, protrusions emerged directly from the dendrite shaft (Movie S2); however, even in such cases they did not exhibit the radial motility typical of filopodia in younger control neurons (Movie S4). By 48 hr posttransfection, outgrowth of S4N-induced protrusions had largely ceased (Movie S5), lengths became stabilized, spine heads were smaller on average, and the remaining motility was mainly the continuous "morphing" of protrusion tips that is characteristic of mature spines (see below).
We directly compared the motile behaviors of protrusions in S4N-expressing cells (e.g., Movie S5) versus structures termed "dendritic filopodia" that are common in younger control cultures (see Movie S4 of a control 14 DIV neuron). Table S1 provides a quantitative analysis of some key parameters. We sampled S4N-transfected neurons at both 16-24 hr and at 24-48 hr posttransfection. The data indicate that S4N-induced protrusions are significantly different from dendritic filopodia at both time points, exhibiting longer average length, reduced rate of outgrowth, and less of the radial "exploratory" behavior characteristic of dendritic filopodia. In addition, S4N-induced protrusions were significantly less transient than dendritic filopodia. Indeed, unlike filopodia seen at 14 DIV, the S4N-induced protrusions almost never retracted, even when they emerged de novo from the dendrite (Movie S2). Therefore, we conclude that, despite their filopodial-like appearance, most of the long protrusions seen in S4N-transfected neurons represent dendritic spines with altered morphology.
Some S4N-Induced Protrusions Arise by Spine Fusion
Unexpectedly, in S4N-trasfected neurons we observed several instances of long protrusions that appeared to form by the fusion of two adjacent spines. Figures  7A-7C) ; however, our qualitative impression was that morphing was increased relative to controls at earlier posttransfection times (B. Calabrese and S. Halpain, unpublished data).
Endogenous MARCKS Mediates PKC-Dependent Spine Shrinkage
To assess whether PKC-dependent phosphorylation of endogenous MARCKS mediates spine shrinkage, we perfused control, eGFP-transfected cultures with 0.5 M PMA (phorbol 12-myristate 13-acetate) and conducted time-lapse imaging studies and quantitative analyses. PMA was applied in the presence of glutamate receptor blockers (APV and DNQX) to prevent any PKC-stimulated release of endogenous glutamate from activating postsynaptic glutamate receptors. Morphological responses to PMA were highly variable within the first 30 min, and we observed both transient increases and decreases in spine size and spine number (data not shown). However, within 60 min we consistently observed that spines exposed to PMA either shrank in size or disappeared altogether (Figure 8 ). In comparison, control spines were highly persistent; thus, we observed neither loss nor formation of spines during recordings for up to 5 hr under control imaging conditions ( Figure 8A ). In contrast, PMA induced a 29% decrease in spine numbers within 60 min (before PMA = 29.4 ± 5.9 spines/50 m; after PMA = 20.7 ± 5.2 spines/ 50 m; p < 0.05, Student's t test, two-tailed), while the remaining spines significantly shrank in both average length and average width (Figures 8B, 8E, and 8F ). This Figure S4) shows that in control neurons, individual spines consistently shrank, while those in S4N neurons randomly grew, shrank, or remained unchanged 60 min after the application of PMA. As illustrated in the inset to Figure S4A1 , this observation applied not only to the greatly elongated spines in S4N neurons but also to spines that displayed more normal lengths and morphologies, suggesting that the lack of response to PKC is not an artifact of distorted spine morphology. Together, these data strongly suggest that MARCKS mediates certain intrin- sic morphological responses of dendritic spines to PKC activation.
Discussion
MARCKS Links PKC Activity with Changes in Spine Morphology
Synaptic plasticity involves various transmembrane signaling cascades, including activation of PKC. In hippocampal and cortical neurons, PKC is activated in response to NMDA or stimulation of G protein-coupled receptors (Vaccarino et al., 1991; Wu et al., 2004) . In only a few instances are the downstream effectors for PKC signaling known. The present study demonstrates an essential function of MARCKS in maintaining normal dendritic spine number and morphology. Furthermore, our results suggest that MARCKS is a key effector that couples PKC to specific changes in synaptic structure. We showed that MARCKS functions in dendrites to regulate both the actin cytoskeleton and the plasma membrane in a manner that alters spine shape and stability. We focused here on PKC-dependent regulation of MARCKS; however calcium/calmodulin-dependent regulation could mediate similar effects.
Figure 9 summarizes our findings and proposes a model for how MARCKS regulates dendritic spine plasticity in a phosphorylation-dependent manner. Endogenous MARCKS is maintained in equilibrium between membrane bound and cytosolic compartments. PKCdependent phosphorylation within the ED disrupts this equilibrium, shifting MARCKS to a more cytosolic state (Arbuzova et al., 2002) . This results in complete or partial spine shrinkage, accompanied by a net decrease in F-actin content, and a decrease in "morphing" of spine heads. In contrast, increased activity of a MARCKS phosphatase (so far unidentified in neurons) leads to excess accumulation of MARCKS on the membrane. This induces spine elongation, redistribution of actin clusters, and increased actin cluster mobility. Spine numbers also decrease, but our data suggest that such spine loss involves a completely different mechanism than that used during MARCKS phosphorylation or MARCKS knockdown, where extreme spine shrinkage results in spine collapse. Instead, when MARCKS is constitutively dephosphorylated and thus hypertargeted to the membrane, spine loss occurs via fusion of adjacent spines. Interestingly, myristoylation appears to be important for this fusion effect, but not for spine elongation (inset, Figure 9 ; see Discussion).
We observed that overexpression of either wt-MARCKS, or constitutively dephosphorylated S4N-MARCKS both induced similar morphological effects that were essentially opposite to those induced by the constitutively phosphorylated S4D-MARCKS. We therefore postulate that wt-MARCKS and S4N-MARCKS induce dominant positive effects due to targeting of excess MARCKS to the plasma membrane. Ectopic expression of wt-MARCKS overwhelms endogenous mechanisms that enable MARCKS to cycle on and off the membrane, and S4N-MARCKS overrides such mechanisms entirely (Swierczynski and Blackshear, 1996; Spizz and Blackshear, 2001). Indeed, like Blackshear and colleagues, we observed a predominant localization of both these GFP-tagged constructs at the plasma membrane in transfected neurons ( Figure S2) .
In contrast, S4D-MARCKS induces a decrease in spine number and volume, similar to the effect of knocking down endogenous MARCKS levels using RNAi. We therefore postulate that S4D-MARCKS acts in a dominant-negative fashion. By virtue of its myristoylation group, pseudophosphorylated MARCKS is partially targeted to spines, where it presumably competes with endogenous MARCKS for insertion into the lipid bilayer. However, it fails to interact with its usual binding partners there (e.g., phospholipids, F-actin) due Dephospho-MARCKS is strongly bound to the plasma membrane through the dual action of N-terminal myristoylation and the ED's affinity for acidic phospholipids. When PKC becomes activated through neuronal activity, the balance is shifted toward phosphorylated, and therefore cytosolic, MARCKS (right). Release of membrane bound MARCKS stimulates a net decrease in F-actin content (shown in red), but an increase in the tethering of the cytoskeleton to the plasma membrane. As a result, spines shrink in size or collapse altogether; presynaptic terminals reorganize onto the remaining spines, which also show less morphing. In opposite fashion (left), an increase in membrane bound dephospho-MARCKS (due to unknown phosphatase activity) results in longer protrusions that display altered actin cluster distribution, but no net change in F-actin content. The tethering of the actin cytoskeleton to the membrane is decreased, perhaps explaining the observed increase in actin cluster mobility (depicted by the gray arrows within the spine neck). Spine number is decreased as well, but is mediated through spine fusion, which preserves synaptic terminals and thereby results in spines with multiple presynaptic partners. Myristoylation seems to be involved in this process, because overexpression of a demyristoylated MARCKS construct results in longer protrusions with no decrease in their number (inset).
to disruption of electrostatic charges within the effector domain, similar to natively phosphorylated MARCKS.
Evidence for Myristoylation-Dependent Spine Fusion
An unexpected finding emerged when we evaluated the mechanism whereby spine density is reduced in the presence of S4N-MARCKS. Live imaging of neurons at early times after transfection captured several examples of spines that appeared to merge (Figure 6 ). Such spine fusion events occurred with a frequency of just under two fusions per 10 microns per hour. In theory, if this rate of fusion were maintained steadily from 12 to 48 hr posttransfection, it would more than account for the 50% decrease in spine density that we measured in fixed specimens transfected for 48 hr with S4N-MARCKS ( Figure 2C ). Indeed, this fusion rate predicts a much greater spine loss than we actually observed. Thus, it seems likely that fusion activity peaks within a narrow time window following transgene expression. Fusions occurred by the rapid migration of the base of the spine along the dendrite shaft, followed by a rapid "zippering" of spine membrane from base to tip over a time frame of 10 to 120 s.
We observed no instances of spine fusion during 8 hr time-lapse recordings of neurons expressing the 2GA-MARCKS construct (data not shown). This mutant does induce long and thin protrusions, similar to the wildtype and S4N constructs, presumably because it too results in excess MARCKS effector domain on the plasma membrane (representing a dominant-positive effect). However, for some reason the lack of myristoylation prevents this mutant from decreasing spine density, and we postulate that this is due to a lack of spine fusion. Thus, the myristoylation domain of MARCKS is required for some, but not all, of the morphological effects of MARCKS (see inset, Figure 9 ). Consistent with our observations about spines, nonphosphorylatable MARCKS promotes, and the nonmyristoylatable mutant prevents, myoblast fusion in vitro (Kim et al., 2002) . Cell adhesion effects of MARCKS also require an intact myristoylation domain (Spizz and Blackshear, 2001 ). It thus seems likely that MARCKS controls the propensity of cell membranes to fuse with one another and/or to interact with the extracellular matrix, and insertion of the myristoyl moiety into the lipid bilayer somehow modulates these effects.
Spines Bearing Multiple Synapses
Our data suggest that at least two distinct mechanisms exist for reducing the density of dendritic spines: fusion (as we observed with S4N-MARCKS) or collapse (as we observed with S4D-MARCKS or with PKC activation). Interestingly, regardless of how spines are lost, we observed that presynaptic terminals persist and apparently relocalize, giving rise to protrusions bearing multiple synapses. Dendritic protrusions bearing multiple presynaptic partners are frequently observed during early stages of synaptogenesis (Fiala et al., 1998) To examine the distribution of microtubules, cultures were fixed for 10 min at room temperature using 0.3% glutaraldehyde plus 3% formaldehyde in 80 mM PIPES, 1 mM EGTA, 1 mM MgSO4 (pH, 6.8), and 1 mg/ml saponin. We used rabbit polyclonal MAP2 antibody 4170 at 1:5000 (Ozer and Halpain, 2000) or monoclonal antitubulin antibody TuJ1 (gift of A. Frankfurter) at 1:1000. Endogenous MARCKS was detected by incubating the cells for 2 hr at room temperature with rabbit polyclonal MARCKS antibody at 1:3000 (Scarlett and Blackshear, 2003) , following a 2 min permeabilization with 0.2% Triton X-100 and a 1 hr blocking with 10% Normal Goat Serum, 1% BSA, and 0.1% saponin in PBS. We used monoclonal antibody against rat NG2 at 1:100, the gift of B. Stallcup (Nishiyama et al., 1996) . 
Image Acquisition and Quantitative Morphometry
Electrophysiology
Cultures were grown at higher density to maximize the number of transfected neurons per coverslip. eGFP-expressing neurons were identified using fluorescence; recordings were obtained after switching to DIC optics. Coverslips were placed into a perfusion chamber (w500 l vol; Warner Instruments). Cultures were perfused (w1.5 ml/min) with an extracellular solution containing: 150 mM NaCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5.4 mM KCl, 10 mM HEPES, and 10 mM glucose (pH, 7.4). Tetrodotoxin (1 M) was included to prevent spontaneous firing and to ensure that large EPSCs did not trigger action potentials. The solution was heated to 35°C using a flow-through heater (Warner Instruments, Hamdon, CT). Details on the recording procedure are in the Supplemental Experimental Procedures.
Additional Methods
Pharmacological compounds were obtained from the following sources: phorbol 12-myristate 13-acetate (PMA, used at 0.5 M; Calbiochem), TTX, APV, and DNQX (used respectively at 1, 50, and 20 M; Sigma). Statistical calculations (Student's t test, one-way ANOVA) were performed in Graphpad Prism. Significance was set at p < 0.05. Whenever the data did not fit a Gaussian distribution, a nonparametric test was performed.
Supplemental Data
Supplemental data include four figures, a table, Supplemental Experimental Procedures, Supplemental References, and six movies and can be found with this article online at http://www.neuron.org/ cgi/content/full/48/1/77/DC1.
